
Reprinted from JOURNAL OF M O L E C ~ . . & R  SPECTROSCOPY. Volume 44, No. 3, I)eceml,er 1072 
Crjpyright 0 1972 by Academic Press. Jnc. Printed in 1J.S.A. 

J O I l H N . \ I ~  O F  MOLI~XITI, . \IL SI ' I~XTI<OS( 'OPY 44, 553-557 (1972) 

Millimeter Wave Spectrum of Thioformaldehyde 

I'ARIILEY BEERS AXD GEI~ALD 1'. KLEIN 

41- 1) 

WILLIAIi H. I~II~CHHOFF A N D  DONALD R. JOHNSON 

The rotational spectrrim of H2W"ZS has been irivest,igat,ed in the  millimeter 
region from 100 to  250 (;Hz. Twenty-five new /i-branch t,ransitions have been 
measured arid combined with earlier data  in it ccntrifiigal distortion analysis of 
the spectrum. A set of rotat,ional parameters are presented representing the 
best fit of all available data. on che rriolecrile. These rothtional parameters 
allow reliable predictions for all transitions of H2'2C3*2s iip 1 0  d = 30and u < 
300 G H z .  

Thioformaldchydt. (HICS ) mas first charactcrizcd in tho gas phasc. from its 
micronavc. spclctrum in th r  rrgion brlou 35 GHz ( I  ). 111 a mor(> rcctlnt paper 
(Z), thc spcctra o f  scvcral isotopically substitutrd forms of thioformaldchyde 

IT (w invcstigatcd arid an T ,  structure \$as reported for tlw niolccdr. In that 
samr papvr a drtailcd cc.ntrifuga1 distortion analysis 1% as prrsentc.d for tllc most 
abundant iwtopic form, HL12C"S. 

In Octotm of 1971, th r  212-211 trnrisition of  thioformrtld(1hydt. was dvtccted in 
absorption from thc dirrction of thc galactic cmtcr radio sourcc Sgr H 2  (3) .  With 
HLCS thus c.stab1ishc.d as a constitucnt o f  th(1 intcmtc4ar mrdium, it is now im- 
portant that t h c  micro\vavv spcvtrum of this molcculc lw thoroughly catalogcd 
so that all transitions 11 ithin thrl rang(' of thc radio telesropc*i can 1 ) ~  identified. 
Thr  most abundant isotopic form of thioformaldrhydc, HL'2CC"2S, produces more 
than 130 transitiorib in tht, rang(' from 100 NHz to 300 GHz bcltwccn states with 
total rotational cnrrgics of 1ws than 1000 em-'. It is clrarly impractical to at- 
tvmpt a dircct mc,asurrmcnt of oach of thew t rarisif ions. A mort' reasonable ap- 
proach is io  measure a srt of I<cy transitions from kvhich paramctcm can he dc- 
tcrmiricd which will allo\v a rrliahlt. prc.diction of thr rrmaindcr of thc spcct rum 
( 4 ) .  Thc cmtritugal distortion analysis rcqx)rtcd in Rrf. (2) predicted the Q- 
branch transitions o f  H25'2C32S \wl l .  NOM ('vrr, the sc.t of obscrvcd transitions 
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availablc for that arialj included only four of the$ lo\\-cwt lying E-branch t ransi- 
tioris. As a rcsult, t hc highrr frcqut.ncy R-brarich transitions \\ rrc, prdictcd with 
such l a r p  unccrtaintiw that positivr iderititicatiorl of an ohsc>rvrd trlcscopr sig- 
nal 11 as unlikcly. ‘Ihv purposv of thc prcwnt p a p c ~  is to c.xtcmd t hr m(1asurrmrnts 
to f2-branch transit ions of  higher rotational mprgirs iri  ordcr t o  obtain mor(. accu- 
rat(, predictions of thc~ millimrtrr I\ avc’ sprctrum of H2,12Cc”LS. 

Gas phase HLCS nas gcncratrd on a continuous basis by direct pyrolysis of 
th(. trimw in tho manm’r drscribd in Rrf .  (2) .  All moasurrmcnts w ( w  madr 
in it 12-in. long parallrl plat(, absorption crll fittrd I\ ith T(4Iori lmsrs. AIiIli- 
mettir navel powrr I\ as provid(1d by frcqucmcy multiplication I\ ith harmonic 
grncrators of  standard dmign. Stark modulation \\as c.mp1oyc.d for th(. majority 
of the mrasurc>mcmts. Dirc.ct modulation of  thv multip1ic.r diodc \\as used as an 
altcrnatc. modulation nicthod for chrcl\ing all frcqucmciw arid for obsrrving 
those transitions for \\ hich thr  Stark vffrct \\ as unfavorablr. 

Tnrnty-fivci n(w R-Branch transitions \I e r ~  mcaeurrd arid combincld with 
data from th(. prcvious papws in th(b simultaricwus fit of  thc rntirv obsrrvrd 
spcctrum of H,12C‘% shou r i  in Tablr 1. Thrsc. transitions I\ (w fit to a cmtrifugal 
distortion modd dcscrihd by Watson (5) using trc11nicpc.s dcscribcd by Kirch- 
hofl (6). All fivc fourth-ordcr constants \\(w included in thc fit as ne11 as onc 
sixth-ordw coristant li I K  . Each transition was \\ (1ightc.d by the. invcrsc. squarc 
of its mrasurcmcnt uncclrtainty. Thc rotational cor~starlts arc’ givm in Table 
11. Thc numbcr of significant figurrs givrn for rach constant is 11 

rcwilculation of tlw micro\\ avci sprctrum v itli round-off (’rrors IPSS than the 
standard drviations of tlw calculatcd frcqucncicls. 

ith a-typc. transitions only, a gwat dcal 
of correlation c.xists bctu w r i  the. tvrms contributing to thr calculation of the 
microwave. transition frryumcicw. As a rwult thp standard drviations of A” and 
T,,~,, n - c w  groatcr than 600 AIHz. In addition, n h r n  both A” and T~~~~ wrre al- 
lcni-ed to vary, coiiv(q,(mcc of th(. itcmtion procrdurc as very slow. Prom a11 
analysis of the high resolution infrarcd spclctrum plus the micro\\ a w  data, ,Johns 
and Olson ( 7 )  werv ahlc to obtain grratw accuracy for A” and T,,,, , although 
thc remaining (wristants ww brttcxr dctrrmincd from thc microwavc data r(i- 
portrd in Tablc I. In ordcr to tala. advantag. of this hcttrr drtclrmination of 
A” arid T,,,, from thc infrared spcictrum, thc valuc. of T,~,~, viz., - 141 IZIHz, 
mas included in th(x lcast squarcis fit as a datum point a ~ i g h t r d  by the invchrsc 
squarr of its reported standard deviation, 1s AIHz. This rcsultcd in a rapid con- 
vcrgmcc. of the iteration proccdurc and a h t t c r  dvtrrmiriation o f  A ” .  The value 
of givm by thr tit diffrrcxd negligibly from thc input valuc.. Had thr micro- 
wave data bwri such that il” and T~~~~ could h a w  hccn individually wrll dder- 
mined, thc T,,,, datum point \\ ould havc bcc~ i  ovwu Iwlmed by the micronavc 
data. Tht. remaining constants arid thclir standard deviations (except for T~ 

which is dcrivcd in part from T~,,,,) u c r ~  only slightly affcctrd by thv inclusion 
of T~,,, as a datum point. 

BWXUSP H2CS is a ricxar prolatcl rotor 



TXI5L15 I 
'rl I E ni I ,It( .\ s I' 

~~ ~~ -~ ~ ~ .~ ~ ~~ 

Upprr Sta te  I,ower Sta te  Observed I.:it. acc 
frequency (Xl l lz )  _____ ~~ 

J K,, Ko J K,, K I ~  ( M I l z I  
~~~ ~ ~ - ~~~ 

I o I 0 0 o w 5 1 . u  o.ozn 
2 1  I 2 1 2  31:3!1.38 O.0BO 
2 0 2 I 11 I K86!l!l.4l 0.100 
2 1 2 1 I 1 6iA53.N2 O.ll1Il 
2 1  I 1 1 0 lj!Iii6.72 0.120 
3 1  2 3 1  3 62%. 65 0. OOX 
3 0 3 9 0 2 1031140.22 0.15 
.3 1 3 2 1 2 IOl l i i . ( i2  0 . 1 2  
3 1 2 2 1 I 104Rli.04 0 .07  
3 2 2 2 2 I l0,?ll3!l.!t!l 0.10 
3 2 1 2 2 0 103051.HI 0 . 2 x  
I I 3 4 I I IO!f?.!Ii 0.005 
I 0 J :I 0 :I 1 3 i : 3 i l O 5  0 . 3 0  
4 I 1 3 1 3 1352!1i.XI 0.25 
4 I 3 3 1 2 13J483.4l  0.28 
I 2 3 3 2 2 I:Ii:382OR 0.3'' 
4 2 2 3 2 1 1 3 i 4 1 1 . 7 i  0.25 
4 3 2 3 3 I 13i36!1.17 0.25  
4 3 I 3 3 0 l X i 3 B ! l . I i  0 . 2 5  
5 1 4 5 1 5 156!15.12 0.020 
F, 0 5 4 0 4 17I68i.!IIJ 0.52 
5 1  5 I 1  ! 16!JIl3.53 0.15 
5 I 4 4 1 3 I71341.85 l).l!l 
5 2 1 4 2 8 lili20.23 0.30 
5 2 3 1 2  2 I i I Z ! J . 4 . 5  0.35 
5 3 3 4 3 2 Ii l i lO.!l7 O.l!l 
5 3 2 4 3 I l i l i l0 . ! l i  O.I!l 
5 4 2 4 4 1 lilRi0.65 0.32 
5 1 I 4 4 0 l i l ( i iO.i i .5 0.32 
6 1 5 6 1 6 21!li l . i l  0.020 
i 1 6 i 1 i 2!12!l3.21 0.020 
i o i 6 0 6 zmfi6. :u  0 . w  
i 1 7 (i 1 li 2 3 6 i 2 6 . F  0.61) 
i 1 6 li 1 5 24104i.84 0.571 
7 2 6 6 2 5 240381.i5 0 .31  
i 4 4 6 4 3 240331.43 0.2U 
i 4 3 6 1 2 240331 .I3 0.2!1 
i 5 3 6 5 2 24026I.38 (1.41 
i 5 2 6 5 1 240261 38 0.41 
R 1 7 8 1 8 3765X.83 0.010 
'J 1 8 !I 1 !I 4 i O B i .  i3 0.03(1 

10 1 9 In 1 10 5i518.8O 0.050 
I I  1 10 11 1 11 6!1010.R1 0.040 
15 2 I3 I 5  2 1 4  7052 O i  0.050 
16 2 14 16 2 15 !1o50. i i i  0.o1o 
17 2 1.5 I i  2 16 11438.53 0.06o 
18 2 16 1 X  2 l i  l426l.!lO O.06O 
1!1 2 I 7  I!) 2 I8 17565.!12 0.030 
20 2 1 8  20 2 IO 213!J7,4$ 0.l130 
21 2 10 21 2 20 zsxn:j.i-I 0.030 
22 2 20 22 2 21 30830.35 0.020 
23 2 21 23 2 22 36525.32 0,020 
21 2 22 24 2 23 42033 80 0.060 
25 2 23 25 2 24 50100.07 0.050 

27 2 25 27 2 26 668i3.5!)  0.050 
26 2 21 36 2 25 5 8 0 ~ 6 . 5 ~  0.050 

~ ~~ ~~~ ~~ ~~ ~~~ -~ -~ ~ 

w i r p  c:j2 s 
~ ~~~ ~ 

( 'a lcu la ted S I 1  
frequency (MHz) 

( M H Z )  
~~ ~ ~~ ~~~ 

3 1351.4 I i 0.01 0 
31:3!1.406 0.001 

IM!l!I :m n.oi!i 
(ii653.814 0.01!1 
l i ! l i4 l i .  i 3  I O.OI!l 
(i2iN.631 (1.002 

10:3040.3!1X 0 . 0 2 i  
IOI.t i i . i5l  0.025 
lI l4616.9ii  0.025 
I I W W N .  845 0. 02i  
I0:305l.i85 0.02i  
10163. ! l6 i  0.003 

1352!18.131 0.031 
13!I483.46i 0.031 
13i3XI.!l55 0.02!1 
13i411.803 0.029 
13i369.314 0.045 
1373G!I.346 0.045 

ISfi! l5. 1 2 i  0.004 
l i l 6 R i . 8 4 2  0.00'5 
l f i ! ) l l3.783 0.058 
Ii4344.!143 0.U5X 
1 ili20.20i 0.014 
Iil i!J!J.N3 0.014 
l i l i l 0 . 8 8 , 5  0.047 
1 i 1 ; 1 O.!I!lG 0.01i 
l 7 l l i i O .  730 0.090 

im;1 .041 0.038 

l i l I i i0 .  730 0. OH0 
21!lil. 712 0. (105 
2!12!13.IXi 0. 00li 

210266.145 0. 1x4 
236i26.271 0.173 
244fll i .  746 0. 17.3 
240BXI . 2 i i  0. I4!1 
210331.137 0.121 
240331.430 0.121 

24026l.330 0.182 
:3ifi5x.x45 0.00: 
4iO67.775 0.0ln 
5i518.817 0 01; 
l~!l(llO. 514 0.027 

2 m x 3 3 o  n. 1x2 

iO52.044 0.018 

11438.524 0.018 
1U61 .H i3  0.01i 
I'3565.06i 0 . 0 l 4  
213!Ii.406 0.012 
25803.1!16 0.011 
30830.326 0.01 I 
36525.324 0.013 
12!l33.811 0.015 

!1050.123 0.018 

50ioo.ofi3 o.rm 
5806R.55i 0.024 
66873.503 0.011 

~~~ ~~ 

Ohsd.. 
calcd. 
(MHz)  

0.013 
-0.026 

0.010 
0.006 

-0.018 
0.01!1 

-0.li!l 
-11. 132 
0. 063 
0. I45 
0 . 0 2 4  

0.00!1 
-0.322 
-0 .058  

0.0i2 
-0.035 
-0.145 
- 0 . l i i  
-0.00; 

0.0158 
-(I. 2% 
-0 095 

- ~~~ 

[I. 003 

0.022 
-0.4-14 

-n.ozi 
0.084 

-0 081 
-0.081 
-0. no2 

0.023 
0.175 
0 . 4 8  
0.0B2 
0.472 

-0. 010 
-0.010 

0.050 
0.050 

-0.015 
-0.046 
-0.018 

0.0!)6 
0.026 
0.037 

0. 0Zi 
-0.047 

0.034 
- 0 . 0 5 i  

0. no6 

0.024 

-0.01-1 
-0.005 

0.007 
0.003 

-0.004 
~- _ _  

7 

~ ~- 

0 .  8 

0 .1  
0 . 2  

-0. I 
2.(1 

- 1 . 2  
-I. I 

1 . 0 
1.5 
0.1 
0.0 
0.0 

-1.3 
-0.2 

0.2  
-11.1 
-0.6 
- 0 .  i 
-0.3 

0.1 
- I  .!I 
-0.5 

0.1 
-1 .3  

0.5 
-0.2 
-0.3 
-0.3 

1 . 2  
0.5 
0.!1 
0.2 
1.6 

-0.0 

0. I 
0.1 

-2.2 
-1 .7  
-0.4 

3 . 1  
0.6 
1.1 
0. I 
0.5 

-l.!l 
1.3 

-2.1 
1.5 

-0.3 
-0.3 

0.1 
0.1 

-0.1 

-n.!i 

-0. I 

-0 .0  
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TABLE I1 
THI: l ~ O T h T I O N . \ L  CONSTlNTS* OF THIOFORMALDEHYDE 

291 ti60.05 3~ 50 MHz 
17 699.5551 f 0.0056 MHz 
l(i (i53.0W21 f 0.005(5 MHz 
- 2  321.202 =t 2.4 kHz 
-1lb4.5ti14 =k 0.58 kHz 
26.82 f 0.22 MHzb 
-139.81 f 17.6 MHzc 
-89.492913 =k 0.64 kHz 
-09.7911 f 0.63 kHz 
13.18 f 5 Hz 

Assuming planarity, the following parameters were calculated from 7, , 7 1  , ranan arid sbbt,,, 

room = 0.461 f 0.067 MHz 
r , h n h  = -1.321 f 0.054 MHz 
r6bcc = -77.99 f 0.61 kHz 
sceaa -W2.6 f 59 kHz 

a The number of significant figures quoted are necessary to reproduce all of the cal- 
culated frequencies for l < J < 40 and 100 MI-Tz < Y < 300 G H z  t o  within their standard 
deviations. The constants report,ed w e  those defined as “Watson’s Determinable Param- 
et,ers” in Ref. ( 4 ) .  

I, The value of 7 3  is set using the planarity conditions arid is not,  strictly speaking, a 
determinable parameter. 

The value of raaaa is determined primarily from the high resolution infrared spectrum. 
See text for details. 

When more than on(’ sixth ordw angular momentum ( P 6 )  term \\as included 
in the least-squares fit, the standard dcviations of the predicted (but unmcxas- 
w e d )  transitions were fivc to ten timm grc’atrr than thosc. calculated using only 
oric Pfi term. Experience n ith othm mol(~cu1rs has i1~dicatt.d that ignoring con- 
tributions from all the Pfi terms causc’s thc calculatcld transitions to be in error 
by 110 more than thrw standard dcviatioris in thci majority of caws. Thus, the 
most uscful predictions of the unmcasurt>d transitions arc’ those obtained using 
a single Pfi twm n ith thc staridard dcviatioris of thc, calculatcd freyurnciw 
trebled. 

In ordrr to dctcrmine whethcr additional nwasurt.mtmts would lead to an im- 
provement in th(1 values of th(. paramctcrs, a calculation using synthetic data 
\\as pcrformed. Thv synthetic data \\as gtm.ratcd by adding to a spectrum cal- 
culated from a fourth order modcl a sct of random normal wrors rrprescmtative 
of prcmntly attainablc measurement accuracim (0.05 MHz for frequcncies less 
than 50 GHz and an additional 0.05 AlHz for ( w r y  multiple of 50 GHz above 
50 GHz). This synthetic data, consisting of 160 transitions with J 5 40 and 
100 AIHz < v  < 300 GHz, was thcri fitted using a sixth-order model which in- 



c1udr.d all sevcn P6 terms. It \vas found that evcii with this cxtremcly extensive 
microwave data T,~,,, could not be obtained with better accuracy than that ob- 
tained from t8hc infrared data. The sole sixth-order constant retained for the fit 
of the measurcd microwave dat,a h,, was chosen bc>causc it had the smallest cor- 
relation with the remaining parameters of all the sixth order paramcters. 

In (-oriclusIon, the rotational paramcters ohtairicd from the least-squares fit 
of the micron-avc data reported in Table I are of sufficient accuracy to predict 
all of thc rcmaining t'rarisitions up t,o J = 30 arid v < X00 GHz with standard 
doviat,ions less than 0.5 I\IHz cxccpt for t,hc K ,  = :{, Q-branch scrics which has 
standard deviations kss than 2 JIHz. Abovc J = 30 thc prcdictions become 
less acciiratc arid tha int,c~nsit~ics bvcomc sc.) 1vcak that measurement of these 
t'rarisitioris is riot possiblc with existing cquipmcmt arid tcchriiques for the prepa- 
ratmion of H&S. Thc predict,ed microwave spectrum for HzCS along with infor- 
mation 011 line strongths arid ahsolutc rot'ational mcrtjes will be available 
so011 ( 4 ) .  
RECEIVED: June 23,  1!)72 

REFERENCES 
1 .  11. It. JOHNSON A N D  F. X. PO\VI.:LL, Science 169, 67'3 (1970). 
2 .  I). It. JOHNSON, F. X. FOWXLL, A N D  W. €1. KIRCHHOFF, J .  Mol .  Spcctrosc. 39, 136 (1971). 
3. M. W. SINCLAIR, J. C.  RIB^, N. FOUI~IKIS, 11. 1). BILO\VN A N D  P. I) .  GOI)FR~:Y, Int. 

4 .  1). 11,. JOHNSON, F. J .  LOVAS A N D  W. H. KIIXHIIUFF, J .  C'heni. Phys.  Ref. Data, (1972), in  

5. J. K. G. W1\moN, J .  (?hem. Phys.  48, 4517 (1968) 
6. W. H. KIRCHHOFF, J .  M o l .  Speclrosc. 41, 333 (1972). 
7. J. W.  C. JOHNS A N D  W. B. OLSON, S. Mol. Specfrosc.  39,479 (1971). 

Astron. Union Circ. No. 2362, Nov. 1971. 

press. 




